The transition of cells from one developmental state to the next is driven by signaling cues interpreted by intracellular networks of transcription factors. In the vertebrate spinal cord, the progressive caudal-to-rostral maturation of cells is controlled by the signaling activities of 
INTRODUCTION
Cells transit from one temporary state to another during their gradual differentiation towards acquiring specialized functions. At each step of their differentiation path, the next state is specified by the regulatory state of the cell, as defined by the totality of active transcription factors (Davidson, 2006; Royo et al., 2011) . During this gradual process, the cell's transcription factor composition also transits from one state to another, mostly cued by dynamic extra-cellular signaling factors (Peter and Davidson, 2013; Sandmann et al., 2007) . It is the cross-regulation between transcription and signaling components that promote the progressive acquisition of specialized functions while preventing dedifferentiation: transcription factors specify the cell's identity and ability to respond to signaling factors (competence), and signaling factors control the temporal activity of transcription factors to promote directional acquisition of specialized traits 
RESULTS
Cdx4 dorso-ventral gradient of transcription in the caudal neural tube does not specify dorso-ventral cell identities 7 Cdx4 neural function was first analyzed by correlating its transcription domain to distinct progenitor cell maturation zones of the caudal neural plate ( Fig. 1A ; Olivera-Martinez and Storey, 2007). As previously reported (Morales et al., 1996) , in whole embryos, Cdx4 is transcribed in the neural plate and nascent neural tube in a high caudal to low rostral gradient (Fig. 1B) . Upon sectioning, however, it was also revealed that Cdx4 is transcribed in a highly dynamic dorso-ventral (DV) gradient: caudally, Cdx4 transcription was ubiquitous throughout the medio-lateral extent of the neural plate (dorso-ventral extent after neural plate closure post HH13), whereas rostrally, Cdx4 transcription was progressively excluded from ventral regions and the roof plate ( (Fig. 1B, C) . However, in the rostral transition zone and neural tube, Pax7 domain was broader than, and Nkx6.1 domain no longer complemented the Cdx4 transcription domain (Fig. 1B, C) . Similar lack of correlation was also observed between Cdx4 and Pax6 domains (Fig. 1B, C) .
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To formally test Cdx4 involvement in DV cell fate specification, we artificially maintained high levels of Cdx4 in the neural tube at times when Cdx4 would normally be down regulated.
We predicted that if Cdx4 regulates DV cell specification, increasing Cdx4 levels would result in change in the localization of DV marker genes. We overexpressed wild type Cdx4 by electroporating the neural tube of stage HH10-11 embryos, and analyzed the protein distribution of Pax7, Pax6, and Nkx6.1 24-hours post-electroporation (hpe; HH16-17). While high levels of Cdx4 expression did not change Nkx6.1 and Pax7 protein distribution ( Fig. 1D ; n=6/6 for both conditions), ectopic Pax6 protein was detected both ventrally and dorsally outside its normal domain ( Fig. 1D ; n=6/6). Together, these results suggest that Cdx4 is not involved in the general specification of DV neural identities, but in the specific regulation of Pax6 ( suggests that Cdx4 activity is also indirectly involved in Sax1 activation (Fig. 4Bc) . In contrast, the observation that Cdx4 and constitutively active VP16Cdx4 also repress Sax1 suggests the existence of an indirect mechanism of regulation that fine tunes Sax1 transcription levels (Fig.   4Ba, b) . A likely candidate to mediate such a mechanism is Pax6, as VP16Cdx4 induced this gene in the transition zone ( Fig. 2A, B (Fig. 5Ac, n=6/6 ). Furthermore, mouse Sax1 repressed chicken Sax1 transcription (Fig. 5Aa, n=6/6 ), suggesting that Sax1 levels must be tightly controlled to maintain cells in a stem cell like state thereby preventing their premature differentiation. However, mouse Sax1 overexpression didn't affect Cdx4 transcription ( Fig. 5Ab; n=6/6). Similar strategies were used to analyze Pax6 regulation of Cdx4. Overexpression of Pax6 downregulated and EnRPax6 upregulated Cdx4 transcription levels (Fig 5B; n=6/6 for all conditions). These results suggest that Pax6 represses Cdx4 in the rostral transition zone through indirect mechanisms that is unlikely to be mediated by the Pax6-target Ngn2, as the expression domain of Cdx4 and Ngn2 do not overlap ( Fig. 1B; Fig. 3C ). Taken together, these results support a network of feed forward and feedback regulatory interactions between Sax1, Cdx4 and Pax6 that promotes the gradual and sequential maturation of neuronal progenitor cells at the caudal end of the embryo (Fig. 5C ).
DISCUSSION

Role of Cdx4 in neurogenesis as a differentiation switch
Cdx4 dynamic RC-DV gradient at the caudal end of the embryo overlaps with various cellular states involved in early spinal cord neurogenesis (Fig. 1A , B, C). At the caudal most end, Cdx4 is transcribed in NMPs that are self-renewing and pluripotent, and can give rise to both mesoderm and neuroectoderm (Henrique et al., 2015) . NMPs are principally defined by the co-expression of genes T (Bra) and Sox2 (Henrique et al., 2015) . In contrast, at the rostral end of the expression domain, Cdx4 is transcribed in cells expressing early neural identity markers such Pax6. Rostral to the Cdx4 expression domain, cells express the differentiation marker Ngn2 (Fig. 1B; Fig. 3A) . expression is nested within the Cdx4 expression domain. Our data showed that Cdx4 negatively regulates Sax1 (Fig. 4B) . In the presence of RA, Cdx4 was able to activate Pax6 similar to VP16Cdx4 (Fig. 2C) (Fig. 3A) . Our experiments demonstrated that Cdx4 can repress Ngn2 transcription (Fig. 3B) , suggesting that Cdx4 primes the cells for differentiation but does not let them differentiates just yet. As Cdx4 expression gets dorsally restricted, Pax6 is now able to activate Ngn2 in the ventral neural tube regions. This is evident from ventral expression of Ngn2 in the early neural tube (Fig. 3A) . As Cdx factors are known to act as transcriptional activators, the negative regulation of Ngn2 seems to be indirect, but does not involve promoting proliferation (Fig. 3E) . Indirect regulation could also provide a time delay between Cdx4 elimination and Ngn2 activation.
Integration of signaling and transcription factor models during spinal cord neurogenesis
The proposed GRN (Fig. 6) , with Cdx4 at its core, involved in progression of cellular states in caudal neural tube could be acting under the signaling switch proposed by Diez del Corral (2003) and In conclusion, we find that Cdx factors are at the core of GRNs that regulate patterning and differentiation across tissues during vertebrate embryonic development. Importantly, the role of Cdx factors as coordinators of upstream signaling make them indispensable for proper embryonic development.
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MATERIALS AND METHODS
Chicken embryo incubation and harvesting
Fertilized broiler chicken eggs (Morris Hatchery, Inc.; Miami, FL) were incubated at 38.2° C in a humid chamber until reaching the appropriate stage of development. The embryos were staged according to Hamburger and Hamilton normal table of development (Hamburger and Hamilton, 1951) . Embryos post-electroporation were incubated until stipulated time for further analysis.
DNA constructs and chicken in ovo electroporation
Gene over expression studies were done using standard cloning and electroporation techniques. 
In situ hybridization
Analysis of gene transcription by in situ hybridization was done using digoxigenin (DIG)-labeled antisense RNA probes synthesized and hybridized using standard protocol (Wilkinson and Nieto, 1993) . Briefly, embryos were harvested at the appropriate stage and fixed with 4% paraformaldehyde diluted in 1x PBS at 4° C overnight, before processing for in situ hybridization. After a series of washes, embryos were exposed overnight in hybridization solution to DIG-labeled antisense RNA probes against Pax6, Hes5, Sax1, T (Bra), or Cdx4. mRNA expression was detected using an Alkaline Phosphatase coupled Anti-DIG antibody (Roche) and developing embryos with nitro-blue tetrazolium salt (NBT, Thermo Scientific) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP, Biosynth) at room temperature until dark purple precipitate deposited revealing the areas of gene transcription. Post-development, embryos were washed with 1x TBST and then fixed in 4% PFA.
Cryo-sectioning and Immunohistochemistry
Embryos harvested for immunohistochemistry (IHC) analysis were fixed with 4 % PFA for 3 hours at room temperature. Embryos were then embedded in Shandon M1 embedding matrix media (Thermo Scientific) and quickly frozen over dry ice. 
Quantification of IHC data
To quantify changes in the levels of candidate proteins after electroporation, cells positive for Pax6 or Ngn2 were counted on both electroporated and control sides at the same dorso-ventral position, and their relative ratio was determined. Images were processed with ImageJ IHC toolbox plugin (Shu et al., 2013) before cell counting to select for cells above threshold level as determined by the program algorithm. A total of 6 embryos per conditions were used for determining significance. Significance of difference between mean values of compared pairs was evaluated using two-tailed t-test (Microsoft Excel). Data for each condition was graphed into a box-plus-scatter plot using MATLAB (2014b, The MathWorks Inc., Natick, MA, 2014). (Fig. 2Ca, b) . EnRCdx4 represses Ngn2 (c, c'; box; n=6/6; control experiments Fig. S1 ) and Pax6 (Fig. 2Cc) 
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Gene and gene constructs employed in this work where either obtained from other laboratories, or generated by us using standard molecular biology techniques and publicly available annotated sequences. A list of genes and constructs obtained from other laboratories is summarized in Table S1 , and a list of primers for genes and constructs generated by us is summarized in Table   S2 . 
Full legth Cdx4 for in situ hybridization and sub-cloning (Cdx4-pGEM-T-Easy). Full length
Cdx4 (NM_204614.1) was cloned from reverse transcribed, total mRNA from chicken embryos at different stages of development (HH4-HH12; qScript cDNA Synthesis kit, Quantabio), using primers designed with the online program Primer BLAST (Table S2 ). Fragment product of the correct size was TA cloned using pGem-T Easy Plasmid (Promega,). Cloning of the correct gene was confirmed by sequencing. This construct was used to generate in situ hybridization probe and as a template for additional construct. renamed Cdx4-HD). Primers used for these amplifications are described in Table S2 . Chimeric VP16Cdx4 was then generated by PCR amplification from a mixture containing VP16 and Cdx4-HD fragments and VP16 forward and Cdx4-HD reverse primer. The segment was cloned into pGEM-T-easy and open reading frame confirmed by sequencing. VP16Cdx4 was then digested using ClaI-EcoRI and inserted into ClaI-EcoRI sites of pCIG.
Dominant negative Cdx4 for chicken electroporation (EnRCdx4-pCAGIG). Engrailed (EnR)
repressor domain from EnR-pCS2+ was digested with XhoI and blunt ended with Mung Bean nuclease. After purification, the fragment was digested with EcoRI and re-purified. This EcoRIblunt EnR product was ligated to a blunt ended Cdx4 fragment generated using SmaI (nucleotide site 328). As a final step, the chimeric construct was ligated to pCAGIG vector digested with EcoRI-EcoRV. Several clones were analyzed by sequencing to confirm correct orientation of the EnR and Cdx4 fragments, and the continuity of the open reading frame. pCAGIG contains GFP under IRES promoter for concomitant expression of cytoplasmic GFP in electroporated cells.
pCIG is derived from pCAGIG backbone, with addition of nuclear localization signal in from of GFP, making to GFP concentrate in nucleus (Matsuda and Cepko, 2004) . 
